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As part of the NASA Planetary Geology and Geophysics program, Prof. Norm Murray (CITA) and I have

been conducting investigatior_s of the long-term dynamics of small bodies in the outer solar system. This
grant, and its successor NAGS-10365, supports travel for collaboration by the Investigators and also

supports Murray during an annual one month visit to the CfA for further collaboration. In the course of this
grant we made a number of advances in solar system dynamics. For example, we developed an analytic

model for the origin and consequence of chaos associated with three-body resonances in the asteroid belt.
This has been shown to be important for the delivery of near Earth objects. We later extended this model to

three- body resonances among planets. We were able to show that the numerically identified chaos among
the outer planets results from a three-body resonance involving Jupiter, Saturn, and Uranus. The resulting

paper was awarded the 1999 Newcomb Cleveland award from the AAAS. This award singles out one
paper published in Science each year for distinction.

Publications related to this ,,;rant:

1. The role of chaotic resonances in the Solar System

Murray, N.; Holman, M.
Nature, 773-779 (200 !).

Abstract

Our understanding of the Solar System has been revolutionized over the past decade by the finding that the
orbits of the planets are inhermtly chaotic. In extreme cases, chaotic motions can change the relative

positions of the planets around stars, and even eject a planet from a system. Moreover, the spin axis of a
planet-Earths spin axis regulates our seasons-may evolve chaotically, with adverse effects on the climates

of otherwise biologically interesting planets. Some of the recently discovered extrasolar planetary systems
contain multiple planets, and it is likely that some of these are chaotic as well.

2. Chaos in the Solar System

Lecar, Myron; Franklin, Fred A.; Holman, Matthew J.; Murray, Norman J.
Annual Review of Astronomy and Astrophysics, 39, 581-631 (2001).

Abstract

The physical basis of chaos in the solar system is now better understood: In all cases investigated so far,
chaotic orbits result from overlapping resonances. Perhaps the clearest examples are found in the asteroid

belt. Overlapping resonances account for its Kirkwood gaps and were used to predict and find evidence for
very narrow gaps in the outer belt. Further afield, about one new "short-period" comet is discovered each

year. They are believed to co,he from the "Kuiper Belt" (at 40 AU or more) via chaotic orbits produced by
mean-motion and secular resonances with Neptune. Finally, the planetary system itself is not immune from

chaos. In the inner solar system, overlapping secular resonances have been identified as the possible source
of chaos. For example, Mercury, in 1012 years, may suffer a close encounter with Venus or plunge into the
Sun. In the outer solar systerr, three-body resonances have been identified as a source of chaos, but on an

even longer time scale of 109 times the age of the solar system. On the human time scale, the planets do
follow their orbits in a statel2_ procession, and we can predict their trajectories for hundreds of thousands of

years. That is because the mavericks, with shorter instability times, have long since been ejected. The solar

system is not stable; it is just old!

3. Production of Star-grazing and Star-impacting Planetesimal_ via Orbital Migration of Extrasolar
Planets

Quillen, A. C.; Holman, M.
The Astronomical Journal, 119, 397-402 (2000).



Abstract
Duringorbitalmigrationofagiantextrasolarplanetviaejectionofplanetesimals(asstudiedbyMurrayet
al.in1998),innermean-motionresonancescanbestrongenoughtocauseplanetesimalstograzeorimpact
thestar.Weintegratenumericallythemotionsofparticleswhichpassthroughthe3:1or4:I mean-motion
resonancesofamigratingJupiter-massplanet.Wefindthatmanyparticlescanbetrappedinthe3:1or4:1
resonancesandpumpedtohighenougheccentricitiesthattheyimpactthestar.Thisimpliesthatfora
planetmigratingasubstantialfractionofitssemimajoraxis,afractionofitsmassinplanetesimalscould
impactthestar.Thisprocessmaybecapableofenrichingthemetallicityofthestaratatimewhenthestar
isnolongerfullyconvective.Uponcloseapproachestothestar,thesurfacesoftheseplanetesimalswillbe
sublimated.Orbitalmigrationshouldcausecontinuingproductionofevaporatingbodies,suggestingthat
thisprocessshouldbedetectablewithsearchesfortransientabsorptionlinesinyoungstars.Theremainder
oftheparticleswill notimpactthestarbutcanbeejectedsubsequentlybytheplanetasit migratesfurther
inward.Thisallowstheplanettomigrateasubstantialfractionofitsinitialsemimajoraxisbyejecting
planetesimals.

4. TheOriginofChaosintheOuterSolarSystem
Murray,N.;Holman,M.
Science,283,1877(1999).

5.DynamicalChaosin theWisdom-HolmanIntegrator:Originsand
Solutions
Rauch,KevinP.;Holman,Matthew
TheAstronomicalJournal,117,1087-1102(1999).

Abstract
WeexaminethenonlinearstabilityoftheWisdom-Holman(WH)symplecticmappingappliedtothe
integrationofperturbed,highlyeccentric(e---0.9)two-bodyorbits.Wefindthatthemethodisunstableand
introducesartificialchaosintothecomputedtrajectoriesforthisclassofproblems,unlessthestepsize
chosenissmallenoughthatperiapseisalwaysresolved,inwhichcasethemethodisgenericallystable.
This"radialorbitinstability"persistsevenforweaklyperturbedsystems.UsingtheStarkproblemasa
fiducialtestcase,weinvestigatethedynamicaloriginofthisinstabilityandarguethatthenumericalchaos
resultsfromtheoverlapofstep-sizeresonances;interestingly,fortheStarkproblemmanyofthese
resonancesappeartobeabsolutelystable.Wesimilarlyexaminetherobustnessofseveralalternative
integrationmethods:atime-regularizedversionoftheWHmappingsuggestedbyMikkola;thepotential-
splitting(PS)methodofDuncan,Levison,Lee;andtwooriginalmethodsincorporatingapproximations
basedonStarkmotioninsteadofKeplerianmotion(compareNewmanetal.).Thetwofixedpointproblem
andarelated,moregeneralproblemareusedtoconductacomparativetestofthevariousmethodsfor
severaltypesofmotion.Amongthealgorithmstested,thetime-transformedWHmappingisclearlythe
mostefficientandstablemethodofintegratingeccentric,nearlyKeplerianorbitsintheabsenceofclose
encounters.Fortestparticlessubjecttobothhigheccentricitiesandverycloseencounters,wefindan
enhancedversionofthePSmethod-incorporatingtimeregularization,force-centerswitching,andan
improvedkernelfunction-tobebotheconomicalandhighlyversatile.WeconcludethatStark-based
methodsareofmarginalutilityinN-bodytypeintegrations.Additionalimplicationsforthesymplectic

6. Long-TermStabilityofPlanetsinBinarySystems
Holman,MatthewJ.;Wiegert,PaulA.
TheAstronomicalJournal,117,621-628(1999).

Abstract
A simplequestionofcelestialmechanicsisinvestigated:inwhatregionsofphasespacenearabinary
systemcanplanetspersistforlongtimes?Theplanetsaretakentobetestparticlesmovinginthefieldofan
eccentricbinarysystem.A rangeofvaluesofthebinaryeccentricityandmassratioisstudied,andboththe



caseofplanetsorbitingclosetooneofthestars,andthatofplanelsoutsidethebinaryorbitingthesystems
centerofmass,areexamined.Fromtheresults,empiricalexpressionsaredevelopedforboth(1)thelargest
orbitaroundeachofthestars_tnd(2)thesmallestorbitaroundthebinarysystemasawhole,inwhichtest
particlessurvivethelengthoftheintegration(10^4binaryperiod:0.Theempiricalexpressionsdeveloped,
whichareroughlylinearinboththemassratiomuandthebinaryeccentricitye,aredeterminedforthe
range0.0=e=0.7-0.8and0.1=mu=0.9inbothregionsandcanbeusedtoguidesearchesforplanetsin
binarysystems.Afterconsideringthecaseofasinglelow-massplanetinbinarysystems,thestabilityofa
mutuallyinteractingsystemofplanetsorbitingonestarofabinarysystemisexamined,thoughin less
detail.

7. OntheOriginofChaosir theAsteroidBelt
Murray,N.;Holman,M.;Potty,r,M.
TheAstronomicalJournal,116,2583-2589(1998).

Abstract
WeconsidertheeffectofgrayitationalperturbationsfromJupiteron the dynamics of asteroids, when

Jupiter is itself perturbed by Satum. The presence of Saturn introduces a number of additional frequencies
into Jupiters orbit. These frequencies in turn produce chaos in narrow regions on either side of the chaotic
zones associated with the mean motion resonances between the asteroids and Jupiter. The resonant

arguments of these three-bod2r resonances contain the longitudes of Jupiter and the asteroid together with
either the secular frequency g__6, or the longitude of Saturn. Resonances involving the longitude of Saturn

are analogs of the Laplace resonance in the Jovian satellite system. We show that many three-body
resonances involving the longitude of Saturn are chaotic. We give simple expressions for the width of the

chaotic region and the associated Lyapunov time. In some cases the chaos can produce a diffusive growth
in the eccentricity of the asteroid that leads to ejection of the asteroid on times shorter than the age of the

solar system. We give simple estimates for the diffusion time. Finally, we present the results of numerical

integrations testing the theory




